ABSTRACT: Nematode alpha diversity from 3 physically disturbed sites in the deep North Atlantic was compared with reference sites. Nematode diversity at the HEBBLE benthic storm site was statistically, and significantly, lower than at reference sites. Nematode diversity at the Madeira Abyssal Plain site, which was subject to a turbidite dated at 930 BP, also showed a significantly lower diversity than reference sites. However, limited data suggest that diversity was not low at a Venezuela Basin turbidite site. The difference in nematode diversity between the 2 turbidite sites is ascribed to a long term change in sediment conditions at the Madeira site. The Venezuela Basin turbidite site has a sedimentation rate greater than the Maderia site by 1 to 2 orders of magnitude, and this was reflected in the sediment profiles. Another possibility is that the Venezuela Basin turbidite is considerably older, by at least 1000 yr, than the Madeira turbidite, allowing more time for recolonisation. The data suggest that deep-sea nematode diversity may be affected by physical disturbance but that deep-sea nematodes, like their shallow counterparts, are more robust than macrofauna such as polychaetes to such impacts.
INTRODUCTION
The last 3 decades of the 20th century have seen a substantial increase in the number of investigations that involve analysis of the biodiversity of deep-sea nematodes, particularly in the North Atlantic. This accumulation of results from individual projects over 3 decades has presented an opportunity to study deepsea nematode biodiversity over large distances. Prior to 1980, little was known about the diversity distributions of deep-sea nematodes over larger scales, let alone the processes underlying such patterns. Deepsea nematology has had a slow inception because (1) the limited numbers of marine nematologists have, understandably, tended to focus on shallow waters where experimentation is possible, (2) quantative sampling was not possible until the development of the spade-box corer and, especially, the Barnett multicorer, and (3) the primitive state of deep-sea nematode taxonomy makes biodiversity analysis of samples difficult and laborious. Deep-sea nematode research is still in the stage of identifying statistically significant patterns and inductively associating these with ecological, biogeographical and historical properties of the environment to develop hypotheses of the mechanisms that control biodiversity. Developing technologies to test these hypotheses will be expensive and time consum-ing. It is, therefore, important to extract as much information from pattern analyses of current data as possible to synthesise hypotheses that will be productive for further testing, given the limited resources available.
Using an accumulated deep-sea nematode database, Boucher & Lambshead (1995) investigated the relationship between nematode diversity and depth, and Lambshead et al. (2000) analysed latitudinal diversity gradients in the deep North Atlantic Ocean. Both studies concluded that productivity was an important factor in producing nematode biodiversity and species richness patterns, respectively, over large distances.
Current ecological theory suggests that both productivity and disturbance influence biodiversity patterns over ecological time scales (Huston 1994) . Experimentation on shallow-water nematodes has suggested that both physically (Schratzberger & Warwick 1998) and biologically generated disturbance (Austen et al. 1998) can cause modest changes in nematode diversity. The impact of physical disturbance on deep-sea nematodes has been investigated only to a limited degree and the effect of biological disturbance has not been investigated at all. Lambshead et al. (1994) compared the diversity of bathyal nematodes in the Rockall Trough with the San Diego Trough. San Diego Trough is a physically undisturbed area whereas Rockall Trough has sufficient moderate physical disturbance in the form of water currents sufficient to ripple the sediment and affect polychaete diversity (Paterson & Lambshead 1995) . Lambshead et al. (1994) could find no evidence that nematode diversity, unlike polychaetes, was influenced by moderate water current disturbance. Nevertheless, Boucher & Lambshead (1995) hypothesised that low diversity in estuarine and hadal nematode communities was partly a result of physical disturbance. Glover et al. (2001) reported that large-scale physical disturbance had long lasting influences on deep-sea polychaete diversity. Lambshead et al. (2000) suggested that there was some evidence for reduced nematode diversity in deep-sea sites affected by largescale physical disturbance with a higher impact than the energy currents found in the Rockall Trough. This paper will analyse the available data to determine (1) whether the available abyssal nematode biodiversity data show evidence of the effects of largescale physical disturbance, and (2) whether analysis of a turbidite site can give some time frame for recovery from disturbance. To achieve this, it will use a database sourced from 4 research programmes that identified more than 7000 deep-sea nematodes in 43 samples from 9 locations.
METHODS

Sites.
The sites utilised for this study have been described in a number of publications that are listed below; accordingly, only brief descriptions will be given here. The data sets were the same as those used by Boucher & Lambshead (1995) and Lambshead et al. (2000) , see Table 1 and references for full description of sites. The reference sites include the Porcupine Abyssal Plain (PAP, Rice & Lambshead 1994 , Thistle et al. 1995 , the Hatteras Abyssal Plain (HAP, Tietjen 1989 ) and the Venezuela Basin Stns 1 & 3 (VB1, 3, Tietjen 1984). The disturbed sites include HEBBLE (Thistle & Sherman 1985 , Thistle et al. 1995 , the Madeira Abyssal Plain (MAP, Rice & Lambshead 1994 , Thistle et al. 1995 and the Venezuela Basin Stn 2 (VB2, Tietjen 1984 The PAP site is located to the southwest of Ireland at 48°50' N, 16°30' W. It receives a seasonal input of aggregated phytodetritus. The HAP site is at 32°29.6' N, 70°21.0' W. The sediments were hemipelagic, greybrown terrigenous silt clays with some fine Foraminifera remains.
The 3 sites from the Venezuela Basin represent 3 major sedimentary provinces (Richardson & Young 1987) . The pelagic site (VB1) is located at 15°07' N 69°22' W. Sediments at this site consist primarily of foraminiferan tests, coccolith plates and pteropod shells. The turbidite site (VB2) is located at 13°45' N 67°22' W. Sediments here consist of alternating layers of pelagic clays and coarse turbidite deposits. The main source of the non-carbonate sediments is discharge from the Orinoco and Amazon Rivers (Bowles & Fleischer 1985) . The deep Venezuela Basin is a low energy environment with restricted renewal at depth (Kinder et al. 1985) . The hemipelagic site (VB3) is located at 13°30' N 64°45' W. Sediments here are a mixture of terrestrially derived clay-size particles mixed with pelagic carbonate sediments. 'HEBBLE' in this paper refers to the stations used for the preliminary studies of the High Energy Benthic Boundary Layer Experiment (Holister & Newell 1991) . The stations are in a productive area, which suffers from benthic storms 8 to 10 times yr -1 when water velocities 10 m above the sediment reach 15 to 40 cm s -1 (Weatherly & Kelly 1982) . The MAP station (Fig. 1) lies on the distal part of turbidite deposits (Weaver & Rothwell 1987) . This area has been subject to many turbidite events during interglacial-glacial transitions, the last being dated to 930 BP. This most recent turbidite has covered the area of the station with displaced sediment to a depth of at least 90 cm (Thomson & Weaver 1994) .
Note that only samples judged adequately quantitative, i.e. from spade-box or deep-sea meiofauna corers, were employed.
Analysis. The nematodes used were identified in just 2 laboratories to ensure comparability given the primitive nature of deep-sea nematode taxonomy. Western Atlantic sample organisms were identified at the City College of New York and eastern Atlantic samples at The Natural History Museum, London. HEBBLE nematodes were originally identified into species at Florida State University, but the Florida collection was later taxonomically calibrated against the collections in The Museum.
The species-abundance data for each core were converted into rarefaction diversity indices using the methods of Sanders (1968) as modified by Hurlbert (1971) , employing the BDPro program. Ecological diversity indices are widely used to detect disturbance when working at the alpha-diversity level, although their use is not without controversy, e.g. Gage & May (1993). The rarefaction statistic ES(X) (Expected number of Species per X number of individuals) has the advantage of being robust to sample size. This is of paramount importance in a study of this kind where differently sized samples have been taken at different sites and organism abundance has also varied quite considerably from site to site. Rarefaction is not without disadvantages. There can be a problem of bias where organisms are aggregated in the sediments (Gray 2000 , Lambshead et al. 2000 , but these disadvantages are considered minor compared to the advantages of rarefaction in the context of this study. The expected number of species for a theoretical sample of 51 individuals was selected as the largest number that allowed the majority of cores to be compared. Rarefaction data between sites were analysed by parametric 2 sample t-tests, using the Minitab program. The choice of reference sites for each of the supposed sites was governed by latitude. Lambshead et al. (2000) reported a positive species richness gradient from south to north through the North Atlantic up to 56°N. This gradient was not detectable when a diversity index was employed as an alpha diversity measure. Nevertheless, the possibility of bias due to latitude was considered when choosing reference stations.
RESULTS
HEBBLE
The mean ES(51) for the 17 cores at the 2 HEBBLE stations had a significantly lower diversity than the reference sites, which bracketed HEBBLE by latitude to the north and south (PAP and HAP), Table 2 . However, 12 of the 14 reference cores were taken from PAP. This is north of HEBBLE, so the possibility of bias due to the latitudinal species richness gradient had to be addressed. Accordingly, HEBBLE was compared to all the reference cores adding in 6 additional southern cores, some of which were more than 25°south of HEBBLE. Again, a significantly lower diversity was found at HEBBLE. This second test is conservative, as the majority of the reference cores were found to the south of HEBBLE. The lower diversity, although statistically highly significant, was small with diversity being an ES(51) of approximately 25.1 as opposed to 30.5.
Madeira Abyssal Plain (MAP)
The mean ES(51) for the 6 cores of MAP site was compared to the 6 reference cores that came from sites located to the south of MAP (Table 3) . This is a conservative test, as any latitudinal bias would act to reduce the diversity of the southern cores. MAP cores showed significantly lower diversity than the reference cores but, again, the difference in diversity was modest. For completeness, the mean of the MAP cores was tested against the mean of all the reference cores, with a similar result.
Venezuela Basin Site 2
Only 2 cores were available from this site so statistical analysis would not be appropriate. However, the mean diversity for ES(51) of approximately 31.78 (Table 4 ) is higher than all the reference cores (30.49) or just the subset of southern reference sites (29.76). It may be concluded that the limited data show no evidence of low diversity at VB2. 
DISCUSSION
HEBBLE shows evidence of a low diversity, although the difference between HEBBLE and the reference stations is modest. The one feature that distinguished HEBBLE from the reference cores was the benthic storms reported at this site. Shallow water nematodes are known to be robust to physical disturbance, compared with macrofauna, but not immune as physical disturbance is known to cause modest changes in diversity (Schratzberger & Warwick et al. 1998) . The most likely explanation for HEBBLE having a statistically significant, slightly lower diversity than the reference stations are the benthic storms that are associated with this site.
Greater robustness of nematodes to physical disturbance than macrofauna probably explains why no reduction in nematode diversity caused by water currents was reported for Rockall Trough nematodes , despite the evidence of a physical impact on polychaete diversity at this site (Paterson & Lambshead 1995) . The Rockall water currents are less energetic than those found at HEBBLE.
The cores from MAP showed a similar nematode diversity to the HEBBLE area, and again the diversity was significantly less than reference sites. The most parsimonius explanation is that this low diversity was associated with the turbidite that impacted this area. The turbidite appears to have left an impression on nematode diversity patterns after almost 1000 yr that is equal to repeated exposure to high-energy benthic storms: this result is intuitively surprising.
Turbidites are large-scale impacts and the Madeira turbidite covered a considerable area (Fig. 1) . So it is possible that there has been insufficient time for nematodes to recolonise the impacted area. Data on the dispersal ability of deep-sea nematodes are lacking, but it may be relevant that this taxon lacks a dispersal larval phase. Polychaetes also display a low diversity at MAP (Glover et al. 2001 ), although it is not clear how many deep-sea polychaete species lack a larval dispersal phase. Without more information on deep-sea nematode dispersal mechanisms, it is impossible to assess the credibility of this explanation.
Another, more plausible, explanation is that the Madeira turbidite has caused a long-lasting change in sediment characteristics that is significant for nematodes. Such a change might influence diversity. Etter & Grassle (1992) showed that deep-sea macrofaunal diversity was correlated with sediment diversity and Tietjen (1976) discovered a link between deep-sea nematode diversity and sediment characteristics. This second hypothesis is further supported by sedimentation data. MAP has a low sedimentation rate of 0.1 to 1 cm kyr -1 (Weaver & Rothwell 1987) . Only a thin layer of pelagic sedimentation, approximately 1 to 2 mm thick, could be seen in the cores above the turbidite layer (Gooday pers. obs.).
In contrast, the limited data from VB2, which has also been turbidite affected, show no evidence of an impact on diversity. The sedimentation rate at this site is 7.2 cm kyr -1 and the turbidite is covered by a 14 cm layer of pelagic sediment (Cole et al. 1985) which is at least 2000 years old. There are 2 key differences between VB2 sediments and MAP station sediments. The first is that the VB tubidite was twice as old, allowing greater time for recolonisation. The second is that the nematodes at VB2 were inhabiting pelagic sediments that had been deposited since the last turbidite, whereas the nematode fauna at MAP were, apart from a superficial layer, in turbidite sediments. Either or both of these factors might explain why nematode diversity at VB2, but not at MAP, seemed to have recovered from the turbidite event but the sedimentchange explanation seems more plausible at present.
The data are sufficiently strong to propose the hypothesis that deep-sea nematodes show a modest but statistically significant change in diversity when exposed to large-scale physical disturbance. These data suggest that nematodes appear more robust to such disturbance than macrofauna, especially polychaetes. Evidence from shallow water studies is consistent with this interpretation. The most plausible explanation for the lower diversity at the MAP turbidite site is the long-term change in sediment characteristics at this site but, with the current state of knowledge, lowdispersal ability cannot be ruled out as a mechanism. 
